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We investigate nanolamination as a means of increasing the refractive index of materials, with a focus on
[amorphous InGaZnO (a-IGZO)/TiO2]i nanolaminates as composite transparent conducting oxides with a tun-
able index. We demonstrate that by periodic layering with TiO2 the refractive index of a-IGZO can be increased
by up ton ≈ 0.39 while the carrier mobility and conductivity retain 70% of their original values. This is shown
to be a result of the alignment of the conduction bands of a-IGZO and TiO2. We also use optical modeling to
verify the integral refractive index behavior of the nanolaminates and outline its range of applicability.
DOI: 10.1103/PhysRevMaterials.2.096002
I. INTRODUCTION
Transparent conducting oxides (TCOs) are vital compo-
nents of modern technology, being essential in a variety of
fields including display technology [1], thin-film transistors
[2,3], thin film solar cells [4–7], and organic light-emitting
diodes [8,9]. The performance of optoelectronic devices,
based on current TCOs, can suffer due to internal interface
reflections, which arise from the mismatch in the refractive
index between successive layers. The simplest method
to reduce such reflections is the inclusion of an internal
antireflective layer with a refractive index which has a
value between the two adjacent materials [10]. This process is
trivial in cases such as the glass/air interface where a matching
material can be applied easily [11]. Unfortunately, the same
concept is complicated in the case of interfaces between the
TCO and the active light-emitting diode or absorber material
because the matching layer in this case must also be both
transparent and conductive to maintain device function. This
is compounded by the comparatively narrow available range
of refractive indices (n ≈ 1.9−2.2) for commercial TCOs
such as ZnO:Al, indium tin oxide (ITO), and amorphous
InGaZnO (a-IGZO) [12–14]. A generic method of altering
the refractive index of any given TCO is thus advantageous.
A variety of techniques have previously been demonstrated
including interface roughening, nanoparticle inclusion, and
cation substitution [11,15,16]. However, such methodologies
are not universally applicable as they can have an unwanted
effect on the crystallographic, electrical, or optical properties
of the overall device.
In recent years a variety of studies have been published
demonstrating the efficacy of high-periodicity multilayer
structures in tuning material properties. Such structures, of-
ten referred to as superlattices or nanolaminates, typically
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consist of two materials layered at periodicities of <10 nm
with the intent of creating a composite material with new
or enhanced properties. To date such periodic multilayers
have been used to control ferromagnetic properties [17], oxi-
dization states [18], environmental stability [19,20], resistive
switching [21], superconductivity [22], dielectric properties
[23], optical properties [24], photoluminescence [25,26],
magnetoelectric effects [27], thermoelectric effects [28–31],
and gas barriers [20]. Previously we reported on a method-
ology for tuning the refractive index of materials via the
use of [TCO/dielectric]i superlattice/nanolaminate structures
[32]. These laminate TCOs enabled conservation of the con-
ductivity and mobility of the component TCO material while
reducing the composite refractive index of the structure in the
visible range. This is achieved by the periodic inclusion of
nanoscale layers (1–10 nm) of a material of differing refrac-
tive index. If the individual layer thickness (d) is significantly
below the wavelength (λ) of the incident light (λ  d), the
light will interact with the nanolaminate as though it has a
laminate refractive index, nL, which is equal to the integral
of the individual refractive indices over the whole structure
[33,34]. This λ  d condition is often referred to as the thin-
film limit, the long-wavelength limit, or the quasistatic regime.
In this work we expand upon the tuning of nL by demon-
strating how such a methodology can be applied to increase
the refractive index of a TCO material by the selection of
an appropriate tuning layer. We show that the conductivity of
the nanolaminates can be maintained at close to the original
bulk TCO value by choosing a material with a small conduc-
tion band offset with respect to the base TCO. We demon-
strate this by synthesizing and characterizing [a-IGZO/TiO2]i
nanolaminates which show a tunable refractive index increase
combined with a high conservation (>70%) of conductivity
and carrier mobility of the stack. TiO2 was selected due
to its optical transparency and high refractive index [35] in
conjunction with its favorable electrical properties [36,37] and
conduction band alignment to a-IGZO.
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FIG. 1. (a) Schematic diagram of the structure of the nanolaminates and their response to visible range light. Middle panel: Real (n)
and imaginary (k) parts of the complex refractive index of the [a-IGZO/TiO2]i nanolaminates. (b) Backscatter detector SEM image of
[10 nm/15 nm]i nanolaminate. (c) Secondary electron image of a [10 nm/10 nm]i nanolaminate.
II. RESULTS AND DISCUSSION
All samples were deposited using radio-frequency (RF)
magnetron sputtering. The details of the system and depo-
sition methodology employed to form the superlattices are
described elsewhere [32]. Samples were deposited on
glass substrates using 2-in ceramic targets [a-IGZO (1:1:1
In:Ga:Zn) and TiO2]. The substrate temperature during depo-
sition was 450 ◦C for all samples. Individual a-IGZO layers
were kept at 10-nm thickness for all nanolaminates while
the TiO2 thickness was varied from 2–15 nm to control the
refractive index of the TCO. The total nanolaminate thickness
was kept at 190–200 nm. Nanolaminates were always termi-
nated with an a-IGZO layer for consistent contacting during
electrical measurements. The structure of the samples was
confirmed by cross-sectional scanning electron microscopy
(SEM) and x-ray reflection (see Fig. 1 and Supplemental
Material [38], respectively). All films were post-annealed in
N2 at 320 ◦C with in situ monitoring of the conductivity to
further improve the electrical properties. Hall measurements
were made with the four-point Van der Pauw method using
silver wire electrical contacts and a 0.8-T magnet. Sheet
resistance and Hall resistance were measured simultaneously
to remove any effects of thermal drift.
X-ray diffraction (Bruker D8 Advanced) of the nanolami-
nates confirmed their amorphous nature, meaning that effects
on the refractive index due to any change in crystallogra-
phy of the TiO2 [35,39,40] can be neglected. Ellipsometric
measurements on all samples were performed using a Sopra
GESP5 ellipsometer at incidence angles of 62◦, 65◦, and 68◦.
Fitting of the ellipsometry data, and the determination of the
dielectric function of the stack thereby, was performed using a
Jones-transfer-matrix-based calculation. The thickness of the
stacks was obtained externally via x-ray reflection and was
not used as a fitting parameter. The dielectric function was
fitted with a dispersion law composed of a three-dimensional
critical point in combination with a Lorentzian oscillator in
the UV to account for above band-gap absorption. With the
inclusion of the TiO2 layers a pair of additional low-intensity
Lorentzian oscillators were required at 1.5 and 1.9 eV to
account for additional absorption of the defective TiO2.
Refractive indices of the deposited a-IGZO films and [a-
IGZO/TiO2]i nanolaminates obtained are shown in Fig. 1. As
expected, the refractive index of the laminate TCO is found
to increase with the increase in the thickness of the included
TiO2 layers. By inclusion of periodic 15-nm layers of TiO2
the refractive index of the laminate TCO can be increased by
n ≈ 0.39 with respect to bulk a-IGZO. Considering the nar-
row band of refractive indices of many of the best-performing
n-type TCOs such as ITO [41], ZnO:Al [16], fluorine-doped
tin oxide [42], indium zinc oxide [43], and IGZO [32], the
demonstrated capacity to change the refractive index by such
a margin could enable improvements not readily achievable
otherwise. In addition to the altered real refractive index,
the extinction coefficient (k) shows a small increase in the
1.5–2 eV range upon increase of the TiO2 thickness due to the
defective nature of the amorphous TiO2. However, the effect
of this on the transmission is minimal, with a relative change
of only ∼1−2% in the visible range observed in the [10/15]i
(196-nm) nanolaminate relative to the 110-nm full a-IGZO
reference sample. Another effect of the inclusion of the TiO2
layers is a red-shift of the onset of absorption due to the lower
band gap of the TiO2 relative to the a-IGZO reference sam-
ple. Despite this the films are still highly transparent in the
visible range with the onset of absorption remaining above
3 eV. Figure 2 shows estimated examples of the optical im-
provements in devices possible using refractive index tuning
nanolaminates. These are calculated via Fresnel equations
in a transfer matrix method using the dielectric functions
determined in this work. Figure 2(a) compares the reflectance
of an air/[(a-IGZO)10 nm/(TiO2)10 nm]15 (50 nm) interface vs
that of an air/a-IGZO interface. For this calculation the media
are assumed to be bulk (effectively infinite thickness) to aid
in comparison by removing the effects of thin-film interfer-
ence. As expected an increase in reflection is observed in
the nanolaminate case due to the increased refractive index
mismatch between the material and air. However, a reduction
in reflectance, and thus an increase in transmission, can be
observed when the nanolaminate is placed as an antireflective
layer between a low- and a high-index medium as discussed
above. This is shown in Fig. 2(b), which indicates the de-
gree of improvement that can be achieved by the use of a
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FIG. 2. (a) Reflectance of the air/bulk [a-IGZO/TiO2]i (—) interface compared to that of the air/bulk a-IGZO (– – –) calculated via transfer
matrix using the dielectric functions of the individual media. An increase of the reflectance is observed due to the increase of the refractive index
of [a-IGZO/TiO2]i . (b) Comparison of the calculated total transmission of light through to the absorber in a pair of simple demonstrative solar
cells with (—) and without (– – –) an [a-IGZO/TiO2]i antireflective layer. Calculations performed using a glass/a-IGZO(500 nm)/a-Si:H solar
cell and a glass/a-IGZO(450 nm)/[(a-IGZO)10 nm/(TiO2)10 nm]15 (50 nm)/a-Si:H solar cell. The red arrow indicates the path of the light, with the
point indicating where the interaction is calculated. All spectra were calculated for normal incidence of the light. Placing an [a-IGZO/TiO2]i
nanolaminate at the TCO/absorber interface reduces the reflection at that point, leading to an improvement of the transmission to the absorber
region across the visible spectrum.
nanolaminate in such a role in a demonstrator cell struc-
ture. The transmission to the absorber is calculated for two
device architectures, one with an antireflective nanolam-
inate (glass/a-IGZO(450 nm)/[(a-IGZO)10 nm/(TiO2)10 nm]15
(50 nm)/a-Si:H) vs one without (glass/a-IGZO (500 nm)/a-
Si:H). A wide spectral improvement of transmission to the
a-Si:H absorber (5% at 2 eV) can be observed by the use
of the nanolaminate at the TCO/absorber interface due to the
reduction of the index mismatch. We wish to highlight that
the calculated a-IGZO-based cell structure is only meant as a
demonstration of achievable optical improvements and is not
meant to represent an electronically effective cell. However,
we feel that this illustrates the promise of these tuning layers.
Beyond the benefits of the optical changes, the most important
factor of this technique is how the electrical properties of the
nanolaminates are maintained even when layers of 15 nm of
TiO2 are utilized and the nL is increased by ≈0.39.
Figure 3 shows the conductivity σ and the Hall mobility
μH as a function of the refractive index (at 2 eV) (see
also Table I) alongside results reported previously for the
[a-IGZO/SiOx]i nanolaminates [32]. Clearly the electron mo-
bility and the conductivity are well preserved, with a [10/10
nm]i nanolaminate exhibiting a change of n ≈ 0.25 while
retaining 75% of the conductivity of unaltered a-IGZO and
another [10/15]i nanolaminate showing similar conservation
with a change of n ≈ 0.4 while maintaining 71% of the
initial TCO conductivity. The conductivity of the films is
found to have a nonlinear relation to film thickness; there is
an initial decrease with the inclusion of the 2.5-nm-thick TiO2
layers. The inclusion of thicker TiO2 layers, up to 10 nm,
results in progressively smaller deviations from the original
conductivity up to 10 nm, beyond which it slowly decreases.
The initial decrease is likely a result of under-stoichiometric
ultrathin TiO2 similar to that observed in corresponding [a-
IGZO/SiO2]i nanolaminates [32], although the scale of the
effect is substantially smaller. Nonstoichiometric TiO2 could
equally reduce the carrier concentration of the a-IGZO layers,
affecting the conductivity of the films. As the stoichiometry
recovers with increasing TiO2 thickness the effect on subse-
quent a-IGZO layers is reduced. Alternatively, Ti doping has
been previously shown to have a gettering effect on a-IGZO
carriers [44]; thus Ti diffusion into the a-IGZO could also
reduce the carrier concentration. However, as the effect seen
here is only observed in those nanolaminates which have
ultrathin TiO2 dielectric spacers, oxygen vacancy diffusion is
the more likely cause. To summarize, the results obtained for
the [a-IGZO/TiO2]i nanolaminates show significant improve-
ment relative to the [a-IGZO/SiOx]i nanolaminates where a
change ofn ≈ 0.2 leads to a reduction to 33% of the original
conductivity and mobility. In comparison the [a-IGZO/TiO2]i
nanolaminates can be tuned by a range twice as large while
maintaining a conductivity of >70% the original value. The
origin of these improvements can be understood by examining
the relative band alignment of the a-IGZO, TiO2, and SiO2
layers.
Previous work indicates that a-IGZO [45] and TiO2 [46]
possess a comparatively low conduction band offset with
respect to each other. This would facilitate improvements in
the overall electrical properties of the nanolaminates as the
tunnel barrier between individual TCO layers is reduced or
ideally carriers can directly be injected from the TCO into
the dielectrics conduction band. However, the band alignment
would need to be verified experimentally for the TiO2 films
grown here, as it has been previously demonstrated to vary de-
pending on crystallographic orientations and structure as well
as on intrinsic doping levels [47,48]. Similarly the In:Ga:Zn:O
ratios of a-IGZO also affect its band structure.
We therefore combined x-ray photoelectron spectroscopy
(XPS) valence band measurements of all materials used in the
nanolaminates (a-IGZO, TiO2, SiO2) with measurements of
the absorption coefficient [α = − ln(T + R)/d], using UV-
visible spectrophotometry in transmission (T ) and reflection
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FIG. 3. (a) Mobility and conductivity of the nanolaminates as a function of the refractive index. Values for the refractive index are taken
at hν = 2 eV (λ = 620 nm). On the bottom axis are the values of the refractive index for the nanolaminates and on the top axis are the
changes in the refractive index relative to the value for the bulk sample. The electrical properties are found to be well conserved with the
changing refractive index. The symbols are as follows: , bulk 110-nm a-IGZO; and , [a-IGZO/TiO2]i nanolaminates; ♦, [a-IGZO/SiOx]i
nanolaminates. The dashed line indicates the values for bulk a-IGZO. (b) Measured valence band spectra and absorption coefficients for
bulklike films (∼100 nm) of a-IGZO, TiO2, and SiO2 grown under conditions similar to those of the nanolaminates. To visualize the relative
positions of the conduction bands between the materials, the energy scale of the absorption coefficient was aligned to the top of the valence
band for each material. (c) Schematic illustration of the impact the band alignment has on electron transport through the dielectric interlayers.
The top and bottom images illustrate [a-IGZO/TiO2]i and [a-IGZO/SiOx]i , respectively.
(R) in combination with the overall thickness (d). Films for
absorption measurements were grown on sapphire samples
to facilitate measurements at the onset of absorption in the
UV spectral range, while films for the XPS measurements
were grown on ITO-coated glass to minimize charging effects
during the XPS measurements.
Figure 3 plots the two measurements on a joined energetic
scale, allowing assessment of the conduction band offsets.
The energy scale for each absorption measurement has been
aligned to the valence band maximum as determined by
XPS. While the latter is directly proportional to the density
of states (DOS) of the filled valence band, the absorption
data are proportional to the joined DOS of dipole allowed
transitions between filled and empty states and hence are
not direct measurements of the conduction band DOS. How-
ever, a significant absorption indicates that there are empty
states in that particular energy region. The measurements
confirm that our a-IGZO films are highly n-doped, but not
degenerate, while the TiO2 films are natively n-type-doped,
leading to a residual conductance of this particular dielectric.
The small conduction band offset of 0.1–0.3 eV between
a-IGZO and TiO2 explains why the electrical properties of
the [a-IGZO/TiO2]i nanolaminates outperform those of the
[a-IGZO/SiO2]i nanolaminates. The same analysis shows
SiO2 to be insulating with a band gap outside our measure-
ment range (>5.5 eV). However, XPS and the absorption
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TABLE I. Measured geometry and total TCO (da-IGZO) and film
thickness (dTotal) of the [a-IGZO/TiO2]i nanolaminates deposited on
glass. The measured sheet resistance Rs and the Hall mobility μH
are also given.
da-IGZO; dTotal Rs μH
Label Nanolaminate geometry (nm) (/) (cm2/Vs)
IGZO 110 597 16.5
10/2.5 [(IGZO)10 nm/(TiO2)2.5 nm]15 160;198 660 16.0
10/5 [(IGZO)10 nm/(TiO2)4.8 nm]12 130;188 581 15.0
10/7.5 [(IGZO)10 nm/(TiO2)7.4 nm]11 120;201 451 14.0
10/10 [(IGZO)10 nm/(TiO2)10 nm]9 100;190 450 14.0
10/15 [(IGZO)11 nm/(TiO2)15.5 nm]7 88;196 471 13
TiO2 100 >1 G
SiO2 100 >1 G
measurements for SiO2 show significant defect states that are
likely to increase the tunneling probability and it is likely
this is the origin of the observable conductivity of the [a-
IGZO/SiO2]i nanolaminates, despite the significant offset in
their conduction bands. Thus we can link the improved prop-
erties of the [a-IGZO/TiO2]i nanolaminates to better overlap
in band position between the TCO and the refractive index
tuning layers.
So far, we have demonstrated that by taking the band
alignment of the materials into account, it is possible to
construct refractive-index-altering nanolaminate structures
without compromising their electrical properties. Due to its
importance to this work, the method used for obtaining the
refractive indices of the nanolaminates merits a more de-
tailed discussion. In many cases the estimation and fitting
of the dielectric function of an inhomogeneous medium is
performed via theoretical effective medium approximation
models. These models are based on the assumption or re-
quirement of the λ  d behavior and often approximate the
inhomogeneity in some manner, most famously as randomly
distributed spherical inclusions in the Maxwell-Garnett and
Bruggeman approaches [49,50]. However, these models are
typically based on the assumption that the inhomogenity level
is below the percolation threshold, the level at which the in-
homogeneities are no longer randomly distributed and instead
begin to cluster. Unfortunately the assumptions made in these
models break down in the case of nanolaminated samples
which by their nature sit above this percolation threshold.
In this work the laminate refractive indices were measured
and determined via the replacement of the overall structure
of the discrete layers [nIGZO/nTiO2 ]i with a singular laminate
dielectric function, nL, which fully describes the action of the
superstructure on the incident light. This method is valid as
long as all the individual layer thicknesses d are much thinner
than the wavelength λ. The validity of the approach in the case
of general two-dimensional structures has been demonstrated
previously by other researchers [33,34]. In the following we
explicitly confirm it for the structures discussed here. To do
so, it is vital that the following two criteria are verified:
(i) that constructing a singular dielectric function for the
nanolaminate produces an equivalent result to considering
the discrete dielectric function and the thickness of each
individual layer using full transfer matrix calculations, and
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FIG. 4. Comparison of the reflection determined from fitting
the dielectric function of a nanolaminate via the laminate dielec-
tric methodology and by using the bulk dielectric functions as
input parameters. The reflection of a 600-nm nanolaminate of [a-
IGZO/TiO2]i is calculated via both methods. The nanolaminate used
has an a-IGZO layer thickness equal to the TiO2 layer thickness both
for the calculation using the laminate dielectric function and for that
using the bulk values. The solid line denotes the laminate dielectric
function and the dashed line denotes individual dielectric functions
for [a-IGZO/TiO2]i [7.5 nm/7.5 nm]i .
(ii) that the nanolaminates discussed in this work fulfill the
λ  d condition, i.e., that the layer thicknesses discussed are
sufficiently small for the nL behavior to hold in the visible
range.
To demonstrate criterion (i) the dielectric function of the
[a-IGZO/TiO2]i 10/10 nanolaminate was calculated by two
methodologies. The first was the replacement of the stack
by a single dielectric function, i.e., the laminate dielectric
methodology. The second was the calculation of the dielectric
function of the nanolaminate stack by inputting of the dielec-
tric functions and thicknesses of each a-IGZO and TiO2 layer
in a periodic stack manner, which we refer to as the discrete
methodology.
For the laminate methodology the reflectance was
calculated for a 600-nm-thick nanolaminate, using nL
derived from a [(a-IGZO)10 nm/(TiO2)10 nm]9 sample. For the
discrete methodology the dielectric function of the stack
was constructed from the separate layers with the dielectric
functions nIGZO and nTiO2 obtained from measurements of a
110-nm a-IGZO film and a 50-nm TiO2 film. The total number
of layers was chosen such that a similar total thickness of
600 nm was reached, e.g., for 10-nm individual layer
thickness the IGZO/TiO2 bilayer was repeated 30 times. The
calculated reflectance spectra are given in Fig. 4. Spectra gen-
erated by the laminate and discrete methods are very similar,
supporting the validity of the much simpler laminate dielectric
function methodology. The small differences observed can
be attributed not to the failure of the laminate methodology
but rather to the limitations of the discrete approach, which
096002-5
DAVID CAFFREY et al. PHYSICAL REVIEW MATERIALS 2, 096002 (2018)
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
5
7.5
10
12.5
15
20
25
30
37.5
50
60
75
100
150
Photon Energy (eV)
In
di
vi
du
al
La
ye
rT
hi
ck
ne
ss
(n
m
)
-25
-20
-15
-10
-5
0
5
10
15
20
25
ΔR relative to [2.5]i
nanolaminate (%)
(a) (b)
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
0
5
10
15
20
25
30
35
40
R
ef
le
ct
an
ce
(%
)
Photon Energy (eV)
FIG. 5. (a) Calculated reflectance of 600-nm-thick [a-IGZO/TiO2]i nanolaminates with varying individual layer thicknesses using the
discrete methodology. (—) [2.5/2.5]120, (– – –) [5/5]60, (– · –) [12.5/12.5]24, (—) [20/20]15 (– – –) [25/25]12, (– · –) [37.5/37.5]8, and (– ·−· –)
[50/50]6. The overall reflectance in the visible region remains similar up to an individual layer thickness of 20–25 nm, beyond which deviations
occur, indicating the breakdown of the λ  d requirement. (b) Relative change of the reflectance (R) compared to that of a [2.5/2.5]i
[a-IGZO/TiO2]i superlattice (RY−2.5). The dashed line approximates the energy at which an ≈0.5% reflectance change is observed. In the
color graph a positive R is shown in red while a negative is indicated in blue.
must make the assumption that the measured bulklike nIGZO
and nTiO2 remain unchanged in the 10-nm layers within the
multilayer. In reality such films will exhibit small deviations
due to size and confinement effects, deposition conditions, or
effects of the layering itself. In particular differences around
1.5–2.5 eV are caused by the defect absorption in ultrathin
TiO2 which are not observed to the same extent in thicker
TiO2 reference films. As a result we conclude that the use of
a laminate dielectric function is not only valid but is actually
beneficial in determining an accurate dielectric function and
hence optical constants as long as the λ  d requirement is
fulfilled.
To confirm the latter, criteria (ii) must be verified for the
spectral regions considered here. To do so the reflectances of a
set of [a-IGZO/TiO2]i nanolaminates with varying individual
layer thicknesses were calculated and compared. In each of
these calculations the overall thickness of the nanolaminates
was kept constant at 600 nm and the a-IGZO layer thickness
was kept equal to the TiO2 layer thickness for all calculations
(e.g., the volume fraction was kept constant). As a result of
the consistent overall thickness, variations in the calculated
optical response of the nanolaminates only relate to the change
in the individual layer thickness. The initial and terminating
layer of each nanolaminate was kept consistent for each
sample. Calculations were performed for nanolaminates of
2.5-, 5-, 7.5-, 10-, 12.5-, 15-, 20-, 25-, 37.5-, 50-, and 100-nm
individual layer thicknesses.
The results are plotted in Fig. 5. It is observed that the
reflectance of the nanolaminate is effectively unchanged in
the 1–4 eV range from individual layer thickness of 2.5 nm
up to 25 nm, where the reflectance begins to diverge above
3 eV. In order to understand the point of breakdown of the
integral reflectance behavior it is beneficial to look at the
nanolaminates in terms of variation of reflectivity. This is
highlighted in Fig. 5(b), which depicts the change in re-
flectance of a set of nanolaminates of various thicknesses
relative to one of [2.5 nm]i layer thickness. White indicates
that the reflectance is close to unchanged (<1% variation),
whereas red and blue indicate an increase or decrease, respec-
tively, of the reflectance at that energy. It can be observed that
the reflectance of the nanolaminates in the visible range is
effectively unchanged from [2.5/2.5]i to [20/20]i . The dashed
line indicates the approximate thicknesses at which the λ  d
fails for a given energy. From this we can observe that the
[a-IGZO/TiO2]i nanolaminates will exhibit an integral nL so
long as the individual thickness of the layers remains below
20 nm. This demonstrates that all nanolaminates examined
here can be accurately described by an integral nL in the
visible range, and also that the concept of an integral nL
is an effective way to treat the effective index of high-
periodicity multilayers as expected. Indeed previous attempts
to describe the optical response of [TiO2/Al2O3]i by fitting
each individual layer thickness (discrete methodology) gave
inconsistent results with respect to measured layer thickness
by transmission electron microscopy [51]. This is understood
as our simulation shows that only the volume fraction of the
two materials is of relevance in the ultrathin regime, and hence
treating each layer individually results in a mathematically
overdefined system with unreliable results.
It is important to note that the above calculations assume
normal incidence of the light, with the electric field vectors
being in plane. The anisotropic nature of the refractive index
of the nanolaminate means that some variation in the optical
response could be observed for different angles of incidence.
These variations would manifest primarily in a change of the
apparent thickness of the individual layers at differing angles.
This could lead to a breakdown of the λ  d requirement
at lower values of thickness than those obtained here.
Unfortunately while we expect the effect to be small in the
nanolaminates discussed here, due to limitations in our sim-
ulation software we are unable to describe an anisotropic nL.
Fortunately a first approximation of the effect on the angular
dependent thickness can be performed using a simple
geometric consideration of the problem. The primary
expected effect of the angular dependence is to increase
the light’s path length in the individual layers, leading to a
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breakdown of the λ  d criteria already for thinner films.
This simply means that the maximum incidence angle at
which any TCO-containing device must function should
be considered in the planning stage so that an appropriate
nanolaminate periodicity can be selected.
III. CONCLUSION
We have demonstrated a technique to tune the refractive
index of a-IGZO by creating an [a-IGZO/TiO2]i nanolami-
nate which maintains a-IGZO’s original electrical properties.
The refractive index of a-IGZO was successfully increased
in a controlled way from 2 to 2.4. The conductivity of the
overall superstructure was maintained at over 70% of its
original value. This high mobility retention is attributed to
the alignment of the conduction band of a-IGZO and TiO2,
which presents a low barrier to transport and allows for
carrier exchange between individual layers. This illustrates
the potential of nanolaminates for synthesis of laminate TCOs
with tuned optical properties and demonstrates that significant
enhancement can be obtained by consideration of the TCOs
and dielectric band structure. By careful selection of materials
this method can be expanded to other TCOs, reducing internal
reflections at interfaces between materials of high refractive
index offset such as often happens in devices such as solar
cells. We have also demonstrated the applicability of the
laminate medium model to the high-periodicity nanolaminates
here and have calculated that the laminate dielectric function
behavior in the visible range will fail when the individual layer
thickness is increased beyond 20 nm, where full multilayer
models would be required.
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